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INVESTIGATIONOFTURBULENTFLOWIN A TWO-DIMENSIONALCHANNEL 7

Turbulence measurements.--_or the investigatiop, of tm'-

bulent fluctuations, 0.00024-inch Wollaston wire was used.

The wire was soft-soldered to the tips Of fine sewing needles
after the silver coating had been etched off. The two lateral

components v' and w' and the 'correlation coefficient

,gtVt

Ic--d_.,/_ were measured using the X-wire technique. Tile

method was essentially the same as described in detail in

previous reports from this laboratory, (See, for example,
reference 12.)

The X-meters for shear measurements had angles between

the wires of approximately 90 °. The angles of the v',w'-

meter were of the order of 30 °. The wire length of the u'-
meter was about f.5 millimeters and that of the v'-meter

was 3 nfillimeters.

The parallel-wire technique used recently at the Polytech-
nic Institute of Brooklyn was also tried in order to obtain

the lateral component of the velocity fluctuation and the

shear close to the wall. The parallel-wire instrument is

superior to the X-meter since it allows an exploration of the

turbulent field up to distances of a few thousandths of an

inch from the wall. However, it was found impossible to
obtain reliable values with •this instrument. The correc-

tions due to u'-fluctuations and to unequal heating of the

wires were pronounced and not easily accountable. The

method was therefore temporarily abandoned after consid-

erable time and labor had been spent on it.

-lVieasurements of correlations between two points,--The

correlation functions between values of u' at points along

the y- and z-axis, that is,

RY_ " _7

_t2

were measured using the standard technique (reference 12).

The scales of turbulence L_ and L_ and the microscales X_,

and ),_ at different points across the channel were obtained
from these measurements.

Measurements of X_.--A method suggested by Townsend

(reference 13) was applied to measure X_. Using an electronic

differentiation circuit the amplifier output signal was dif-

ferentiated and ),_ computed from the following relation:

m

b b
The error involved in the approximation _--->u _ can be

estimated and it may be seen that the above relation holds

with reasonable accuracy over the large center portion of
the channel.

A new technique for the measurement of X_ has also been

applied. The method is described in detail in referefice 14

and consists in counting the zeros of an oscillograph trace

of the u'-fluctuations. From these counts X_ may be cal-

culated directly by assuming a normal and independent

distribution for both u' and 5u'/Sx:

1 9-

_------_-XAverage number of zeros of u' per second
Az Wo

It is known that the distribution of u' is closely a Gaussian

one even in nonisotropic turbulence (see, for instance, refer-

ence 15); however, for the case of bu'/Sz a smalldeviation

from the normal distribution was found (reference 13). For

the preliminary measurements of X_ reported presently, no

corrections were applied as yet for this effect. Figure 4

shows an oscillograph trace of the u'-fluctuation in the mid-

dle of the channel at R=30,800. The trace represents an

interval of approximately 1/20 second.

$:x.. =============================================================.:. .._.g::..;.':'::::f:(_:::::_.:::::.V':::::'::.::_¥:::. _2.:re:::.'."_:.'.'::::::.:.:::...'.:.::x.'. "..:

i_ "_._N:"! .:_..'..',..$.'!

 iiiiiiiliiiiil , .,: iiiiiiiiiiiiiiiiiiiiiiiiiiiiiii  ...... .  ii{lliiiNiiii 
_>.',..._::

:: W4 :'_':_::::_::" ==============================================! =========================_i_i_i_ii

FIC, URE 4.--q?yt)ieal oseillogram of u'-lluetuation at R=30,800 and v/d=l.0, lIorizontal line

corresponds to u'(t) =0; interval is approximately 1/20 second.

Measurement of L_.--The following simple procedure _

was applied to obtain a rough estimate of scale of turbulence

corresponding to correlations between points along tim x-

axis: Denote by Fg-_(n) the fraction of turbulent intensity
which is contributed by frequencies between n and n+dn;

that is,

u'(n) '_dn= u'_ P'7"Z(n) dn
and thus

£_ FT'(n) dn = 1

Consider now an uncompensated hot-wire. If the time

constant of this uncompensated wire is M, the response
will be

[_ (?_) ]..ncomp.

where

__
[u 1+

The total intensi W for the uncompensated wire will then be
given by

do l+M_n _

2 This method was suggested by Dr. H. W. Liepmaml.

a Formulas of this general type have been proposed by l(amp_ do Feriet and by Frenkic l

for determining the spectrum of turbulence from uncompensated hot-wire measurements by

varying M (reference 16).
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INVESTIGATION OF TURBULENT FLOW IN A TWO-DIMENSIONAL CHANNEL 11

45 4%

• / o
._0 I \ < ,:.o,8oo

X o 61,600

l \\
.30 _,¢_ _ i _\ I

.2G ".. _o -"

./5 i *

"050 .005 .0/0 .015 .020 .025 .030 .035 .040 ,045 ,050
y/d

FIGURE 10.--Velocity fluctuations u' relative to local speeds near wall.
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FIGURE 11.-- Velocity fluctuations {'.
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FI(_URE 12.--Velocity fluctuations '_' near wall.
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FIGURE 13,--Distributi0n of velocity fluctuations _'.
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FK_URE 14.--Distribution of velocity fluctuations @'.

The velocity fluctuations _' relative to local speeds

increase very rapidly near the wall as is shown in figures 9

and 10. Measurements very close to the wall indicate that

7_'/u reaches a nmxinmm within the laminar boundary layer

(yU,/_ _ 17) and it tends toward a constant value at the wall

which is independent of the Reynolds number. This point

will be discussed in detail under "Reynolds Number Effect."

The absolute values of the distribution of _' show the same

general shape as that obtained by Reichardt (reference 9),

having the characteristic maximum near the wall and thus

showing the strong action of viscosity even for values of

y_4a.

Using the X-type hot-wire technique for obtaining the

velocity-fluctuation components v' and w', no measurements

could be obtained near the wall. Figures 13 and 14 show

that, while in the center of the channel the magnitudes of

_' and _' are the same, _' increases faster toward the wall.

This agrees with the ultramicroscope measurements in a pipe

by Fage and Townend (reference 18).

No length corrections were necessary to the measurements

of u' except near the wall; however, no corrections were

applied in this region since no measurements of kz could be

made. In this region, furthermore, the fluctuations are

very large and the values given in figure 10 must be accepted

with reserve. The hot-wire response for large velocity fluc-

tuations is not well-understood yet and no correction was

attempted. Length corrections were applied to the measure-

ments of v' and w'.

CORRELATION COEFFICIENT AND SHEAR DISTRIBUTION

The correlation coefficient is fairly constant across most

of the channel (fig. 15) as indicated already by Wattendorf



</9
<P

F

©

M

0

ra

o
[0

_2.2

_2

0

©

g

©

_-_°



_D

iq

$

6

o
_q

o

N

z

%

I

%

I



r.f2
CO

.<

©

.<

©

N
©

©

Z
$

<

Z

oo

©

N

%
×

CO '_- q::) _ I

b

/

- _o :_o--

° l, / /,," ,t..t_'_

/

/ o

:<

/ i II

I
/ ,

I o _

!

I

!

!

I

<o ._.

_m

I
_2

9



INVESTIGATION OF TURBULENT FLOW IN A TWO-DIMENSIONAL CHANNEL 15
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(e) R=61,600.

FIGURE 21.--Scale of turbulence distribution.

The distribution of Xx obtained by the differentiation

method shows the same behavior as that of Xy and Xz (fig. 22).

It has the characteristic maximum at y/d _ 0.7. No measm'e-

ments were made for R=12,300 because of the inaccuracy

due to the large noise-to-signal ratios.
As a matter of interest the results of some measurements of

X_ obtained with the zero-counting method are compared

with those described above. (See fig. 22.) Since th e validity

of the assumptions involved in this method is not clarified

yet, these measurements should be regarded as preliminary.

SPECTRUM MEASUREMENTS

The spectra of the velocity fluctuations u '_ have been ob-
tained at various values of y/d across the channel. With

improved instrumentation it was possible to reduce experi-

mental scatter by a considerable amount. The accuracy of

the present measurements is believed to be within ±10

percent with tbe exception of values com'esponding to low

frequencies (n_100 cps) because of the large-amplitude

fluctuations and with the exception of values corresponding

to high frequencies (n_4000 cps) because of noise and of

possible wire-length effect. A typical spectrum distribution

taken at y/d=1.00 is shown in figure 24. (The measured

spectra at various positions of y/d are given in table I.) No

attempt is made to compare the measured distributions with

existing theories since the restrictive assumptions of these

theories (isotropy and flows at high Reynolds numbers) are

not satisfied in the present experiments. The only frequency

range where comparison is possibly justified is the viscous

region, that is, the high-frequency part of the spectrum where

viscosity plays a dominant role. Unfortunately here the

accuracy of the measurements is not good enough to afford

any definite conclusions. Therefore, the rather close agree-
incur of the measured spectrum (for all values of y/d except

in the laminar sublayer) with the n-Maw predicted by Heisen-

berg (reference 2) should be accepted with reserve (fig. 24).

• -_ 1-- [ i o _ Zero counf_bg
--I I I rb Spectrum .

• _ [ [] © D/fferenl/bfion

.86 __

el . =:__
I | n 30,800/5,in. chonnel/

0 ./ .2" .3 .4 .5 .6 .7 . .8 ZO /./

v/a
FIGURE 22. Mierosea/e measurelilCll_S.

, _ _k \'a_

4 ! "t'<',-_."b-_ , -V/a_L 0

• it _6 I v/d) - _--_=, ....

• 0 • .0 /.5 2.0 2.5 3.0 3.5 4.0 4.5

C ITI

FIr,,IrRE 23.--Ry-correlation. R=30,800. At y/d=l.O, Ly=l.3 centimeters, X_=0.50 centi-
meter; at y/d=0.7, L_=l.2 centimeters, kv=0.56 centimeter.
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INVESTIGATION OF TURBULENT FLOW IN A TWO-DIMENSIONAL CHANNEL 17

velocity distribution (the constant A) both in pipes and

channels is larger than that established by Nikuradse's pipe

measurements (A=5.75).

The Reynolds number has a definite influence on the

.velocity fluctuations also. Along most of the cross section

where the influence of the viscosity is negligible the fluctua-

tions _', _', and _' decrease slowly with increasing Reynolds
number.

Very close to the wall, according to Prandtl's hypothesis, all

velocities of the form Velocity/Ur nmst be a function of the

friction-distance parameter only. It has already been

pointed out that the mean velocity obeys this similarity

law. Figure 26 shows tile distribution of _'/U_ as a function

3.0
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/.0
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O 12,300 ['5-/n. chonne/)
u 30,800 ['Swb.chonnel)
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I IIII

cl o

¢ O0 o0
o

z_ , o o
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8 o
0

Ao
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2 d 6 /0 20 dO 60 /00 200 dO0600 I000
{1U_/v

FIC URE 26.--LogarithIilic representation of velocity fluctuations u'.

of yU,/, for the different flow conditions investigated. The

following remarks can be made with reference to this figure:
(1) For values of yU,/,<lO0, values of _'/U, correspond-

ing to the various cases indicate similar behavior. They
reach a maximum at about yU,/v_17.

(2) It is believed that the similarity is actually more

complete than indicated in figure 26. Because the micro-

scale is not known in regions very: close to the wall no length

corrections could be applied. These corrections would of

course be appreciably higher for tile two high-velocity flows
(R=61,600, 2d--5 in. and R=12,200, 2d--1 in.) and would

therefore bring the various distributions of _'/U_ closer' to-

gether in the region in question.

(3) The effect of viscosity is more pronounced on the

fluctuating quantities than on the mean velocity.

(4) Taylor pointed out in 1932 (supporting his arguments

by Fage and Townend's ultramicroscope measurements) that
_'/u and _v'/u approach a finite value at the wall (reference

18). It follows from the similarity law that this value
should be an absolute constant independent of the Reynolds

number. Figure 10 indicates this to be true, the constant

being (;'/u)_,=o_-O.18.
It is of considerable interest to discuss the variation of the

scale and microscale with Reynolds number. For flows be-

hind grids where the turbulence is isotropic the scale is in-

dependent of the mean velocity and depends on the mesh

size of the grid. Similar behavior was found for the channel

flow. Figure 21 shows the distributions of L_ and L= for
different velocities. These distributions indicate no con-

sistent variation with velocity. Furthermore, measurements

in a 1-inch channel give a value for L_ five times lower and a

ratio for Ly somewhat larger than the values obtained in

the present investigation.

The variation of X depends, of course, on the velocity and

channel width. The values of X decrease with increasing

velocity; however, the variation of X with channel width is
less than that of L.

FULLY DEVELOPED CHARACTER OF TURBULENCE

The flow in the channel is called fully developed if tim

variations of the mean values of the velocity and the mean

squares of the velocity fluctuations with x are very small.
That the mean velocity profile does not vary downstream is

evident from the pressure-gradient measurements (fig. 19).

The gradient in x of u '2 was measured on the axis of the

channel. It was found that u '_ was indeed decreasing with

x. Tim gradient, however, was very small as compared

with 1_ bp.
p bx"

bu t2 1 bp-- _ 0.01 - --
bx p bx

Hence for all practical purposes bu'2/bx can bc neglected.

No measureme:nts have been made concerning bu'_//bx,

since the scatter in the values would cover any effect..

However, there is little doubt that bu'v'/bx is of the same

order as bu'_/bx and that the use of equations (3a) and (3b)

is therefore justified here.

ENERGY BALANCE IN FLUCTUATING FIELD

The energy equation for a two-dimensional channel has
the form given by equation (8) and is valid throughout the
cross section of the channel with the exception of a small

du
region near the wall. The term r _ on the left side of equa-

tion (8) corresponds to the energy produeed by th.e shearing

stresses and it cart be obtained directly from the measure-

ments of r and from tile mean velocity profile. The second

term on the right /_\ bxj/\ bxj/ expresses the amount of

energy that is being dissipated because of tile breaking

down of the larger eddies to smaller ones. The term may

be written explicitly

/bu'\ /bv
+tw)+tw) +t

]
-Nf / \ _z / \-SY / \by/ \ bz / __

The problem is to express these functions in terms of

easily measurable quantities. In the case of isotropie
turbulence Taylor solved the problem by introducing the

microseaie of turbulence X and obtained for the dissipation

W---- 15t_ _ (lO)
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